ILLUSTRATIONS
Plains has fostered several water-quality studies related to mining. These studies were designed to describe baseline conditions, delineate areas affected by mining, document water-quality changes at existing mines, and predict water-quality changes for potential mine areas.
Surface mining of coal involves removal of overburden and coal aquifers, followed by replacement of disturbed overburden (mine spoils) into the mine cut. Several studies have indicated that exposure of overburden to air and subsequent contact with water after replacement can result in increased dissolved-constituent concentrations in water (Davis, 1984; Van Voast and others, 1978a,b) . The degree of water-quality change depends on several factors including initlaT constituent composition of water entering the spoils, contact time of water with the spoils, mineralogy of the spoils and downgradient aquifers, contact time in downgradient aquifers, and degree of mixing with water derived from non-spoils sources. In addition to these physical and chemical factors, substantial water-quality changes can result from bacteriological activity in the spoils or receiving aquifers.
Because of the large number of factors that can affect the chemical composition of water downgradient from mined areas, identification of hydrochemical relations is difficult.
The ability to uniquely identify water originating from specific aquifer sources would help in understanding the hydrology and geochemistry in areas affected by surface coal mining. Statistical cluster analyses of various chemical characteristics of water, including stable-isotope ratios, may provide a means to chemically distinguish ground-water sources.
Purpose and Scope
To help assess the usability of stable-isotope data, the U.S. Bureau of Land Management and the Montana Department of State Lands developed a cooperative study with the U.S. Geological Survey. The purpose of the study was to obtain synoptic chemical data, including stable-isotope ratios, for stream base flow and ground water from an area of active surface coal mining and to explore the effectiveness of using the data to chemically distinguish water from different aquifers. This report describes the data collected and the result of using the data to identify aquifers.
Data collection was conducted in and near the East Fork Armells Creek basin ( fig. 1 ). Surface-water samples were collected from one spring, four sites on East Fork Armells Creek, and one site on Stocker Creek, a tributary to East Fork Armells Creek. In addition, surface samples were collected from two fly-ash ponds associated with a coal-fired electric-power generating plant. Ground-water samples were collected from 21 wells completed in Quaternary alluvium and the Tongue River Member of the Paleocene Fort Union Formation. Specific zones within the Tongue River Member from which samples were collected include mine spoils, Rosebud overburden, Rosebud coal bed, McKay coal bed, and sub-McKay deposits.
Description of Study Area Physical Setting
The study area ( fig. 1 ) is located in Rosebud County in southeastern Montana and includes primarily the headwaters of East Fork Armells Creek, Stocker Creek, and parts of several tributaries to Rosebud Creek. A surface coal mine is entirely within the study area, near the town of Colstrip. The topography of the area is characterized by rolling hills of low to moderate relief. Altitudes range from about 3,120 ft above sea level at the most downstream reach of East Fork Armells Creek to about 4,750 ft in the Little Wolf Mountains to the southwest. Vegetation is primarily grasses in areas of flat and gently sloping terrain, with shrubs and coniferous trees growing on ridges and steep slopes. Average annual precipitation in the area is about 16 in. (U.S. Department of Commerce, 1973) . Average daily temperatures range from 21.0 °F in January to 71.5 °F in July. Quaternary deposits are generally alluvium consisting of clay, silt, and sand. Alluvial gravels are present in the East Fork Armells and Stocker Creek valleys.
The Tongue River Member is predominantly a fine-to medium-grained sandstone with interbedded siltstone, shale, localized clinker and baked shale, and coal beds. The Rosebud, McKay, and Stocker, in descending order, are the major coal seams in the Tongue River Member in the study area. The coal seams generally dip 1-2° in a southerly direction, with local variations resulting from small-scale folding and faulting. Only the uppermost two coal seams, Rosebud and McKay, are mineable by surface-mining technology and, of these, only the Rosebud coal bed has been mined extensively in the area. General description Sand, silt, clay, and local lenses of gravel. Gravel consists predominantly of clinker fragments on many smaller streams. Deposits commonly are less than 40 feet thick along smaller streams.
Light-yellow to light-gray fine-to medium-grained thick-bedded to massive locally crossbedded and lenticular sandstone and siltstone; weathers to a buff color. Commonly contains light-buff to lightgray shaly siltstone and shale, and brown to black carbonaceous shale. Contains numerous coal beds; as much as 80 feet thick. Burning of the coal along outcrops has formed thick red and lavendar clinker and baked shale beds. Base of unit is mapped as the change from predominantly siltstone and sandstone to predominantly shale of underlying unit. Entire thickness not present in study area.
Water-yielding characteristics
Yields commonly are 30 gallons per minute or less to stock and domestic wells. Larger yields may be possible.
Sandstone and coal beds are the aquifers; the shale does not yield significant quantities of water to wells. Unit contains major aquifers in much of the study area; yields of as much as 160 gallons per minute may be possible from wells penetrating large saturated thicknesses of aquifer material. Fractured clinker beds are very permeable and may yield as much as 65 gallons per minute. Many aquifers are under artesian pressure. Sediments disturbed and replaced (mine spoils) as a result of surface mining of coal can also function as aquifers.
Modified from Lewis and Roberts (1978 Surface-water sites (table 2) were selected to provide areal coverage of East Fork Armells Creek upstream and downstream from mined areas and near selected tributary basins. Sampling at stream sites in the upstream part of the basin was limited to a short reach where streamflow was present. A spring in the headwaters of East Fork Armells Creek was also sampled. A sample from each of two fly-ash ponds was collected to provide baseline water-quality data for potential sources of leakage into the alluvial aquifer.
Ground-water sites (table 3) were chosen to provide several samples from each of six major near-surface aquifers in the area (alluvium, mine spoils, Rosebud overburden, Rosebud coal bed, McKay coal bed, and sub-McKay deposits).
Streamflow was measured at all stream sampling sites to identify gaining and losing reaches along the channel. Because the area had received no significant precipitation for 20 days prior to the study, and surface runoff was absent, streamflow during the April sampling period was considered to represent base flow contributed primarily by ground-water sources. Streamflow was stable during the measurement period, owing to a lack of freezing temperatures and negligible evapotranspiration by riparian vegetation. Depth-integrated samples for chemical analysis were obtained by a standard U.S. Geological Survey DH-48 sampler at one or more points across the stream, depending on stream width. Ground-water samples were collected from existing wells in the study area. Each well was completed in only one of the six designated aquifers. Most samples were obtained after bailing or pumping until at least three well-volumes of water had been removed and specific conductance and temperature had stabilized. However, for some small-yield wells, water in t;he casing was removed until the well was essentially dry and the sample was collected after the water level in the well had recovered.
All surface-water and ground-water samples were pretreated onsite according to methods of the U.S. Geological Survey (Friedman, 1979) . Chemical constituents in water samples were analyzed at the U.S. Geological Survey National Water-Quality Laboratory in Denver, Colo., using methods described by Fishman and Friedman (1985) .
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METHODS OF ANALYSIS
Stable-Isotope Ratios
Isotopes are atoms of the same element whose nuclei contain the same number of protons but a different number of neutrons. The difference in neutrons results in what are termed "heavy" and "light" isotopes of the element. Classification of an isotope as stable is related to its rate of radioactive decay. Only 21 elements are pure elements in that they have only one stable isotope. All other elements are a mixture of at least two isotopes. Differences exist in the physiochemical properties of isotopes of a given element. Because of these differences, certain phenomena, mainly isotope-exchange reactions and kinetic processes, result in natural substances containing varying quantities of heavy and light isotopes (Hoefs, 1980) . The absolute concentration of isotopes in water is difficult to determine precisely (T.B. Coplen, U.S. Geological Survey, written commun., 1987). In addition, variations in the absolute abundances of stable isotopes of elements such as hydrogen, carbon, nitrogen, oxygen, silicon, and sulfur are small. For most studies the ratio of the rare (heavy) isotope to the common (light) isotope is determined because the ratio can be determined far more accurately than the absolute abundance. Stable-isotope ratios are reported relative to a standard ratio as the 6 (delta) value, in units of parts per thousand or per mil (°/oo). The general equation for calculating 6 is:
(1) where 6 X (delta value) is the isotope ratio of an element (x) in a sample relative to a standard ratio for that element,
Rx is the isotope ratio of an element in a sample (x), and
Rg is the isotope ratio of an element in a standard (s). Site number consists of latitude, longitude, and two-digit sequence number to differentiate proximate sites. 2 Well number consists of 14 characters. The first three characters specify the township and its location north (N) of the Montana Base Line. The next three characters specify the range and its position east (E) of the Montana Principal Meridian. The next two characters are the section number. The next four characters designate the quarter section (160-acre tract), quarter-quarter section (40-acre tract), quarter-quarter-quarter section (10-acre tract), and quarterquarter-quarter-quarter section (2.5-acre tract) in which the well is located. The subdivisions of the section are designated A, B, C, and D in a counterclockwise direction, beginning in the northeast quadrant.
The final two digits form a sequence number to differentiate proximate sites.
Stable-isotope ratios determined in this study are 2 E/ 1 E (or D/^), 13 C/ 12 C, 180 /16 0> an(j 34 S/32 S) wnere the letters H, C, 0, and S represent the elements hydrogen, carbon, oxygen, and sulfur, respectively, and the superscript numeral refers to the atomic mass. Deuterium ( 2H) commonly is represented by the letter D. Isotope ratios measured in the water were compared to standard ratios for each element. Isotope ratios of hydrogen and oxygen were compared to ratios obtained from Standard Mean Ocean Water (SHOW) to calculate delta values. Carbon ratios were compared to that of the fossil of the extinct cephalopod Belemnitella americana from the Cretaceous Peedee Formation (PDB) in South Carolina. Sulfur ratios were compared to troilite, a ferrous sulfide mineral, from the Canyon Diablo iron meteorite (CDT). For example, a sample that had a delta value of +25.0 per mil for l&O would be enriched in !°0 by 2.5 percent relative to the standard and would be isotopically "heavy." A sample with a delta value of -25.0 per mil for *°0 would be depleted in *°0 by 2.5 percent relative to the standard and would be isotopically "light."
Stable-isotope ratios of many elements are different for waters of different history and origin. For example, the ratios D/^H and 18Q/160 o f precipitation vary as a function of temperature and orographic effects. In surface-and ground-water systems, some of the processes that can modify the isotopic composition of water are evaporation, heating in geothermal systems, and bacteriological activity.
Cluster Analysis
A statistical cluster analysis was used to group the well sites into "clusters" having similar hydrochemical characteristics. Various combinations of major dissolved constituents, trace elements, and stable-isotope ratios were used in the cluster analysis as a basis for forming groups of wells with similar water quality.
The average-linkage method of the cluster procedure (SAS Institute, Inc., 1985) was used to determine agglomerative hierarchical clusters based on the similarity of Euclidean distances between pairs of observations. The average distance between two clusters is the average distance between pairs of observations, one in each cluster (SAS Institute, Inc., 1985; Steinhorst and Williams, 1985) . During the analysis, each well observation begins in a cluster by itself. The two closest clusters are merged to form a single cluster. Merging of the two closest clusters is repeated until all observations are included in one cluster. Cluster pairs with the smallest average distance between observations are more strongly associated with each other than pairs with larger distances between observations. The cluster that includes all observations has the weakest association among its members.
Prior to using cluster analysis, frequency histograms, box plots, and normalprobability plots of the water-quality data were used to determine variables requiring transformations to be normally distributed. In this study, calcium, potassium, alkalinity, chloride, fluoride, boron, iron, manganese, and strontium were transformed to the natural logarithm of their values. Isotope ratios for hydrogen, oxygen, and sulfur were transformed to the inverse of their values. Other variables used in the cluster analysis did not require transformations.
To give equal weight to each variable in the cluster analysis, the variables were standardized. The following equation was used to calculate a standard value, or z score, for each data value:
x-x (2) where z = the standard value, or z score, x = a water-quality value, 3T = the average of water-quality values, and s = the standard deviation of water-quality values. Downstream from site A-2, flow was present in all observed reaches. Streamflow increased by 1.62 ft^/s from site A-2 to site A-3, probably as a result of seepage from a surge pond and mine spoils, sewage plant effluent, and natural ground-water sources. Additional ground-water discharge and surface inflow from Stocker Creek contributed 0.43 ft^/s between sites A-3 and A-4. No other tributaries were observed to contribute surface flow to East Fork Armells Creek in the study area. 
CHEMICAL CHARACTERISTICS OF SURFACE WATER Onslte Water Quality and Major Dissolved Constituents
Onsite water-quality data and major-dissolved-constituent concentrations for the surface-water sites are presented in table 5. Dissolved-solids concentrations and water type at surface-water sites are presented graphically in figure 4. Bicarbonate plus carbonate concentrations shown in figure 4 and subsequent graphs were calculated from measured values of onsite alkalinity. The smallest concentration of dissolved solids at the surface-water sites was 840 mg/L (milligrams per liter) measured at spring SP-1 in the headwaters of East Fork Armells Creek. Water from this spring infiltrates back into surficial deposits within a few feet of discharge before entering the alluvium of East Fork Armells Creek and probably is representative of recharge waters having short residence time in overburden materials. Water quality of base flow in East Fork Armells Creek varied only slightly from site A-l to site A-4. Dissolved-solids concentrations among the four mainstem sites and Stocker Creek ranged from 3,100 mg/L at site A-4 to 5,000 mg/L at site A-2 (table 5) . At site A-l, located within the most upstream reach of flow in the stream channel, the dissolved-solids concentration was 3,500 rag/L, which is more than four times the concentration at SP-1 about 7 mi upstream. The increased concentration of 5,000 mg/L at site A-2 near Colstrip may be, in part, the result of inflow of water from mine spoils. Downstream from Colstrip at sites A-3, SC-1, and A-4, dissolved-solids concentrations decreased to about 3,200 mg/L, possibly as a result of dilution due to inflow of surge-pond seepage, sewage-plant effluent, and natural ground water. | Fly-ash pond 1-2 and pond 3-4 ( fig. 2 ) were constructed to allow evaporation of water discharged from coal-fired electric-power generating units at Colstrip. Units 1 and 2 discharge to pond 1-2; units 3 and 4 discharge to pond 3-4. Dissolved-solids concentrations measured in samples collected from the surface of the ponds were 13,000 mg/L in fly-ash pond 1-2 (site FAP-12) and 22,000 mg/L in fly-ash pond 3-4 (site FAP-34).
.
Major-ion composition of water from'spring SP-1 was a magnesium bicarbonate type ( fig. 4) . Water collected at the stream sites was a magnesium sulfate type, with very little difference in relative I percentages of major ions among sites. Water from the fly-ash ponds also was a magnesium sulfate type; however, magnesium and sulfate comprised almost 90 percent of the dissolved constituents compared to about 60 percent at the stream sites. I
Trace Elements
The concentrations of trace elements in water from the spring SP-1 and the five stream sites (table 6) are typical of southeastern Montana waters and generally were within the range of values measured at the U.S. Geological Survey streamflowgaging station (No. 06294980) on East Fork Armells Creek about 7 mi north of Colstrip (Knapton and Ferreira, 1980) . Trace-element concentrations were smallest in water from spring SP-1. Total recoverable boron and iron increased downstream from site A-l to site A-4. Conversely, strontium concentrations were large at upstream sites A-l and A-2 and decreased downstream to site A-4. Concentrations of trace elements in Stocker Creek (site SC-1) generally were intermediate to values measured at sites on East Fork Armells Creek. Concentrations of boron and manganese were large in water from the fly-ash ponds (sites FAP-12 and FAP-34).
Stable-Isotope Ratios
Stable-isotope ratios for deuterium, carbon-13, oxygen-18, and sulfur-34 in water from the headwaters spring, five stream sites, and the fly-ash ponds are given in table 7. Samples from the spring and stream sites had similar isotopic Strontium, dissolved 1,700 6,500 6,600 5,400 5,000 5,200 2,500 2,900 ratios for each element analyzed. The negative ratios indicate depletion of the heavy isotope relative to the standards for each element. Samples from the fly-ash ponds were isotopically more enriched in deuterium and oxygen-18 than samples from the spring and stream sites, probably as a result of evaporation. Only the oxygen-18 sample from site FAP-12 and the oxygen-18 and sulfur-34 samples from site FAP-34 had positive ratios, indicating isotopically "heavy" composition relative to a standard ratio.
Stable-isotope ratios for deuterium and oxygen-18 for the surface-water samples are graphically compared ( fig. 5 ) to the isotopic composition of North American continental precipitation as reported by Gat (1980) . Except for the samples from the fly-ash ponds, which probably are affected by evaporation, the 
CHEMICAL CHARACTERISTICS OF GROUND WATER Onsite Water Quality and Major Dissolved Constituents
Onsite water-quality data and major-dissolved-constituent concentrations for the ground-water sites are presented in table 8. Quality of water from the six major near-surface aquifers in the study area is illustrated by bar graphs in figure 6. Dissolved-solids concentrations ranged from 690 mg/L in water from a well completed in the Rosebud coal bed to 4,100 mg/L in a well completed in alluvium. Median dissolved-solids concentrations of water sampled from each of the aquifers were: alluvium, 2,300 mg/L; mine spoils, 2,800 mg/L; Rosebud overburden, 1,300 mg/L; Rosebud coal bed, 1,520 mg/L; McKay coal bed, 2,000 mg/L; and sub-McKay deposits, 1,750 mg/L.
Concentrations of dissolved solids within individual aquifers were variable, indicating possible local differences in mineralogy, source of recharge, or interaquifer leakage. All dissolved-solids concentrations measured in this study were within the range of values reported by the Montana Department of State Lands and U.S. Office of Surface Mining (1983).
Major-ion composition of water from the aquifers ranged from a magnesiumcalcium sulfate type in the mine spoils to a sodium sulfate type in the McKay coal bed and sub-McKay deposits. Water from wells completed in alluvium and Rosebud overburden was a magnesium sulfate type. Water sampled from the Rosebud coal bed was variable in ionic composition. Concentrations of major dissolved constituents in the ground-water samples generally were of the same magnitude as concentrations for the spring and stream samples. However, concentrations of most constituents in the ground-water samples were considerably different from those in samples from the fly-ash ponds. Trace Elements
Trace-element concentrations in water from wells sampled in this study are presented in table 9.
Concentrations of most trace elements in ground water were similar to concentrations measured in stream samples, although dissolved-manganese concentrations, in general, were slightly smaller. Water from the Rosebud overburden commonly had the smallest concentrations of trace elements, whereas water from the McKay coal bed commonly had the largest concentrations. A notable exception was the large strontium concentration in water from mine spoils and two wells completed in the Rosebud coal bed. The median dissolved-strontium concentration in spoils water was 15,000 yg/L (micrograms per liter), compared to median dissolvedstrontium concentrations that ranged from 3,500 ug/L in the alluvium and Rosebud overburden to 9,000 ug/L in the Rosebud coal bed. Two of the four samples from the Rosebud coal bed had strontium concentrations of 13,000 ug/L. Both water samples from the Rosebud coal bed having large strontium concentrations were collected from wells located in the western part of the study area near the headwaters of East Fork Armells and Stocker Creeks. Boron concentrations were relatively large in a sample from alluvium (1,400 lig/L) and the McKay coal bed (3,800 ug/L). Stable-Isotope Ratios Stable-isotope ratios for deuterium, carbon-13, oxygen-18, and sulfur-34 in water from wells are given in table 10. Ratios for deuterium range from -167 to -134 per mil, ratios for carbon-13 range from -13.0 to 0.4 per mil, ratios for oxygen-18 range from -21.7 to -16.5 per mil, and ratios for sulfur-34 range from -9.3 to 6.2 per mil.
No pattern is obvious among the individual isotopes to uniquely distinguish between ground-water sources, either because of variability within aquifers (carbon-13, sulfur-34) or similarity between aquifers (deuterium, oxygen-18). The ratios for ground-water samples are of the same general magnitude as ratios for the spring and stream samples, but are considerably different from the ratios for deuterium and oxygen-18 for samples from the fly-ash ponds. Stable-isotope ratios for deuterium and oxygen-18 for the ground-water samples are graphically compared ( fig. 5 ) to the isotopic composition of North American continental precipitation as reported by Gat (1980) . The isotopic compositions of all the ground-water samples approximately correspond to the composition of North American continental precipitation, indicating the presence of present-day meteoric water in the aquifers.
IDENTIFICATION OF GROUND-WATER SOURCES
The chemical characteristics of ground water can be used to identify the aquifer source if those characteristics are relatively uniform within the aquifer but are substantially different for water from separate aquifers. Two methods of determining chemical relations are to analyze the chemical data graphically and statistically. To explore the effectiveness of using synoptic chemical data for distinguishing ground-water sources, the data were analyzed graphically using major-ion-composition diagrams and statistically using cluster analysis.
The major-ion composition of water sampled from the six near-surface aquifers is shown graphically in figure 7. Based on major-ion composition, distinct groupings of aquifers by water type are not evident. However, waters from the alluvium, mine spoils, and Rosebud overburden can be generally grouped. These waters are primarily a magnesium sulfate type, with calcium being a significant component in water from the mine spoils. Water from the sub-McKay deposits also can be grouped as a sodium sulfate type. Two of the four water samples from the McKay coal bed had major-ion composition similar to that for the sub-McKay deposits, but the other two samples were notably different. Water from the Rosebud coal bed was variable in composition.
Cluster analysis was used to form sample groups in a more quantitative manner than the ion-composition diagram. Cluster analysis also provides a means of forming sample groups having similar attributes using combinations of variables. A matrix of observations for combinations of variables can be analyzed to cluster the observations, variables, or both into similar groups. If groups having similar hydrochemical characteristics can be defined, other multivariate statistical analyses can be used to allot variables to the groups (Steinhorst and Williams, 1985) . In this study, the cluster pattern for the spring and ground-water sites was compared for several arbitrarily selected combinations of chemical variables.
Cluster analysis of the spring and ground-water samples based on specific conductance and dissolved-solids concentration indicates four groups at the base of the cluster hierarchy ( fig. 8) . No single aquifer is represented solely in one group. One sample, from site WA-154, is not clearly part of any of the other sample groups.
Cluster diagrams based on major dissolved cations and major dissolved anions are shown in figures 9 and 10, respectively. By cations, the samples form three major groups, with two samples, from sites WM-126 and WA-154, not clearly part of any group. By anions, the samples form several groups, with samples from sites WA-154 and WM-126 weakly clustered with sites D2-S, WA-110, and WA-155. As with specific conductance and dissolved-solids concentration, no single aquifer is represented solely in one group. A cluster diagram based on concentrations of the major dissolved constituents combined is shown in figure 11* The groups are similar to those in figure 9.
A cluster diagram based on dissolved trace-element concentrations is shown in figure 12 . The cluster pattern differs substantially from the pattern based on major-dissolved-constituent concentrations ( fig. 11 ). An obvious difference with the trace-element groups is that the spring SP-1 sample is not part of any group. In the previous clusters, the sample from the spring generally was grouped with samples from sites WO-169, WO-174, WR-128, and WR-174. The cluster pattern of samples based on specific conductance, dissolved-solids concentration, majordissolved-constituent concentrations, and dissolved trace-element concentrations ( fig. 13 ) is similar to the pattern for samples based only on major-dissolvedconstituent concentrations ( fig. 11) . For the clusters shown in figures 11-13, no single aquifer is represented solely in one group.
Cluster analysis of the ground-water samples based on stable-isotope ratios indicates six groups ( fig. 14) . The spring sample (SP-1) was not included in this cluster analysis because of the lack of data for sulfur-34 and the well sample (WS-116) was omitted because of missing data for carbon-13. The groups based on stable-isotope ratios differ from groups based on other variables. As with the previous cluster analyses, no single aquifer is represented solely in one group.
Neither the ion-composition diagram ( fig. 7) Figure 14 . Cluster diagram for samples from ground-water sites based on stableisotope ratios for deuterium, carbon-13, oxygen-18, and sulfur-34.
was equal to or greater than the variability between groups. The reasons for the variability were not discerned as part of the exploratory data analysis in this study. However, one likely possibility is the occurrence of localized geochemical reactions within each aquifer.
Other possibilities include inter-aquifer mixing of water, analytical error, or contamination of samples that could have occurred during sample collection, handling, and analysis.
Based on analyses of the limited number of samples collected in this study, stable-isotope ratios ( fig. 14) also did not provide a means to uniquely identify discrete aquifer sources. However, additional sampling of water from each of the six aquifers or testing different isotopes could possibly result in more definitive results by providing greater areal coverage and increasing the data base to minimize the effect of statistical outliers.
SUMMARY
Water-quality samples were collected during April 1985 from surface-water and ground-water sites in and near East Fork Armells Creek basin in southeastern Montana. Eight surface-water samples were collected at one spring, four sites on East Fork Armells Creek, one site on Stocker Creek, and two fly-ash ponds. Streamflow also was measured on East Fork Armells Creek and Stocker Creek at the time of sampling. Twenty-one water samples were collected from wells completed in either Quaternary alluvium or the Tongue River Member of the Paleocene Fort Union Formation. Aquifers within the Tongue River Member from which samples were collected include mine spoils, Rosebud overburden, Rosebud coal bed, McKay coal bed, and sub-McKay deposits.
Base flow in East Fork Armells Creek upstream from the town of Colstrip was small and interrupted by reaches of no flow. Downstream from Colstrip, streamflow was present in all observed reaches and the stream gained flow. The largest base flow, measured at the most downstream station, was 2.11 ft^/s. Stocker Creek was the only tributary observed to contribute surface flow (0.06 ft^/s) to East Fork Armells Creek in the study area.
Water from a spring in the headwaters of East Fork Armells Creek was a magnesium bicarbonate type and had a dissolved-solids concentration of 840 mg/L. Water from the five stream sites was a magnesium sulfate type and had dissolved-solids concentrations of 3,100 to 3,500 mg/L, except for water from the site near Colstrip, which had a dissolved-solids concentration of 5,000 mg/L. Water from two fly-ash ponds also was a magnesium sulfate type but had dissolved-solids concentrations of 13,000 and 22,000 mg/L. Concentrations of trace elements in water from the spring and stream sites were typical of those for southeastern Montana. Concentrations of boron and manganese were large in water from the fly-ash ponds, but concentrations of other trace elements were relatively similar to concentrations in water from the spring and streams. Stable-isotope ratios for deuterium, carbon-13, oxygen-18, and sulfur-34 were similar for each element in water from the spring and stream sites. However, water from the fly-ash ponds was isotopically more enriched in deuterium and oxygen-18 than water from the spring and stream sites, probably as a result of evaporation.
Water from wells varied from a magnesium-calcium sulfate type in mine spoils to a sodium sulfate type in the McKay coal bed and sub-McKay deposits. Dissolvedsolids concentrations in ground water ranged from 690 mg/L in the Rosebud coal bed to 4,100 mg/L in alluvium. Water from the Rosebud overburden had the smallest median dissolved-solids concentration (1,300 mg/L) and water from the mine spoils had the largest median concentration (2,800 mg/L). Concentrations of trace elements in water from wells were similar to concentrations in the spring and stream samples, although manganese concentrations generally were smaller and strontium and boron concentrations were considerably larger in several samples.
Stableisotope ratios of ground water were similar to ratios for spring and stream samples but considerably different from ratios for deuterium and oxygen-18 in samples from the fly-ash ponds.
Water from individual aquifers could not be distinguished by either ioncomposition diagrams or cluster analyses based on chemical or stable-isotope characteristics. Variability of water quality in samples from the same aquifer was equal to or greater than the variability between different aquifers.
